The ecdysone pathway was among the first experimental systems employed to study the impact of steroid hormones on the genome. In Drosophila and other insects, ecdysone coordinates developmental transitions, including wholesale transformation of the larva into the adult during metamorphosis. Like other hormones, ecdysone controls gene expression through a nuclear receptor, which functions as a ligand-dependent transcription factor. Although it is clear that ecdysone elicits distinct transcriptional responses within its different target tissues, the role of its receptor, EcR, in regulating target gene expression is incompletely understood. In particular, EcR initiates a cascade of transcription factor expression in response to ecdysone, making it unclear which ecdysone-responsive genes are direct EcR targets. Here, we use the larval-to-prepupal transition of developing wings to examine the role of EcR in gene regulation. Genome-wide DNA binding profiles reveal that EcR exhibits widespread binding across the genome, including at many canonical ecdysone response genes. However, the majority of its binding sites reside at genes with wing-specific functions. We also find that EcR binding is temporally dynamic, with thousands of binding sites changing over time. RNA-seq reveals that EcR acts as both a temporal gate to block precocious entry to the next developmental stage as well as a temporal trigger to promote the subsequent program. Finally, transgenic reporter analysis indicates that EcR regulates not only temporal changes in target enhancer activity but also spatial patterns. Together, these studies define EcR as a multipurpose, direct regulator of gene expression, greatly expanding its role in coordinating developmental transitions.
hormone | transcription factor | CUT&RUN | ecdysone | temporal gene regulation H ormones function as critical regulators of a diverse set of physiological and developmental processes, including reproduction, immune system function, and metabolism. During development, hormones act as long-range signals to coordinate the timing of events between distant tissues. The effects of hormone signaling are mediated by nuclear receptors, which function as transcription factors that differentially regulate gene expression in a hormone-dependent manner. Whereas many of the coregulators that contribute to nuclear receptor function have been identified, the mechanisms used by these factors to generate distinct, yet appropriate, transcriptional responses in different target tissues are incompletely understood.
Ecdysone signaling has long served as a paradigm to understand how hormones generate spatial and temporal-specific biological responses. In Drosophila, ecdysone is produced by the ring gland and secreted into the hemolymph, where it is converted into its active form, 20-hydroxyecdysone (20E), before reaching target tissues (1, 2) . Pulses of ecdysone are required for transitions between developmental stages, such as the larval molts. A high-titer pulse of ecdysone triggers the end of larval development and the beginning of metamorphosis (1, 2) . Ecdysone effects transcriptional changes through binding to its receptor, a heterodimer of the proteins ecdysone receptor (EcR) (homolog of the mammalian farnesoid X receptor) and ultraspiracle (Usp) (homolog of mammalian RXR) (3) . In the absence of ecdysone, EcR/Usp is nuclear localized and bound to DNA where it is thought to act as a transcriptional repressor (4, 5) . Upon ecdysone binding, EcR/Usp switches to a transcriptional activator (4) . Consistent with the dual regulatory capacity of EcR/Usp, a variety of coactivator and corepressor complexes have been shown to function with this heterodimer to regulate gene expression (5) (6) (7) (8) .
Understanding how ecdysone exerts its effects on the genome has been heavily influenced by the work of Ashburner and colleagues in the 1970s. By culturing larval salivary glands in vitro, Ashburner (9) described a sequence of visible puffs that appear in the giant polytene chromosomes upon addition of ecdysone. A small number of puffs appeared immediately after ecdysone addition, followed by the appearance of more than 100 additional puffs over the next several hours (9) . The appearance of early puffs was found to be independent of protein synthesis, suggesting direct action by EcR/ Usp, whereas the appearance of late puffs was not, suggesting they require the protein products of early genes for activation (9) . These findings, and decades of subsequent work elucidating the molecular and genetic details, have led to a hierarchical model of ecdysone signaling in which EcR/Usp directly induces expression of a small number of early response genes. Many of these early response genes Significance Nuclear receptors (NRs) are sequence-specific DNA binding proteins that act as intracellular receptors for small molecules such as hormones. Prior work has shown that NRs function as ligand-dependent switches that initiate a cascade of gene expression changes. The extent to which NRs function as direct regulators of downstream genes in these hierarchies remains incompletely understood. Here, we study the role of the NR EcR in metamorphosis of the Drosophila wing. We find that EcR directly regulates many genes at the top of the hierarchy as well as at downstream genes. Furthermore, we find that EcR binds distinct sets of target genes at different developmental times. This work helps inform how hormones elicit tissue-and temporal-specific responses in target tissues.
encode transcription factors, such as the zinc finger protein Broad, the nuclear receptor Ftz-f1, and the pipsqueak domain factor E93 (2). The early response transcription factors are required, in turn, to induce expression of the late response genes, which encode proteins that impart temporal and tissue-specific responses in target tissues.
Although the framework of the ecdysone pathway was established through work in salivary glands, additional studies affirmed an essential role for ecdysone signaling in many other tissues. Similar to other hormones, the physiological response to ecdysone is often profoundly specific to each target tissue. For example, ecdysone signaling triggers proliferation, changes in cell and tissue morphology, and eventual differentiation of larval tissues fated to become part of the adult fly, such as the imaginal discs (2, 10) . By contrast, ecdysone signaling initiates the wholesale elimination of obsolete tissues, such as the larval midgut and salivary glands through programmed cell death (1, 2, 10) . Ecdysone is also essential for remodeling larval neurons that persist until adulthood and specifying the temporal identity of neural stem cell progeny born during this time (11) . While it is clear that ecdysone signaling triggers the gene expression cascades that underlie these events, the molecular mechanisms by which ecdysone elicits diverse transcriptional responses in target tissues remains poorly understood.
A key step in delineating the mechanisms by which ecdysone signaling regulates target gene expression involves identification of EcR/Usp DNA binding sites. Given the hierarchical structure of the ecdysone pathway, it is unclear whether EcR acts primarily at the top of the transcriptional cascade, or whether it also acts directly on downstream effector genes. Several early response genes such as br, Eip74EF, and the glue genes have been shown to be directly bound by EcR in vivo (12, 13) . At the genome-wide level, polytene chromosome staining revealed ∼100 sites bound by EcR in larval salivary glands (14) . DamID and ChIP-seq experiments have identified roughly 500 sites directly bound by EcR in Drosophila cell lines (15, 16) . Thus, the available evidence, albeit limited, indicates that EcR binds to a limited number of target genes, consistent with hierarchical models wherein the response to ecdysone is largely driven by early response genes and other downstream factors.
We recently identified the ecdysone-induced transcription factor E93 as being essential for the proper temporal sequence of enhancer activation during pupal wing development (17) . In the absence of E93, early-acting enhancers fail to turn off, and lateacting enhancers fail to turn on. Moreover, ChIP-seq identified thousands of E93 binding sites across the genome. These data support the hierarchical model of ecdysone signaling in which early response transcription factors like E93 directly regulate a significant fraction of ecdysone-responsive genes in target tissues.
Here, we sought to determine the role that EcR performs in temporal gene regulation during the larval-to-prepupal transition of the wing. Using wing-specific RNAi, we find that EcR is required for proper morphogenesis of prepupal wings, although it is largely dispensable for wing disc patterning at earlier stages of development. RNA-seq profiling reveals that EcR functions as both a temporal gate to prevent the precocious transition to prepupal development as well as a temporal trigger to promote progression to next stage. Using CUT&RUN, we map binding sites for EcR genome-wide before and after the larval-toprepupal transition. Remarkably, we find that EcR binds extensively throughout the genome, including at many genes with wing-specific functions that are not part of the canonical ecdysone signaling cascade. Moreover, EcR binding is highly dynamic, with thousands of binding sites gained and lost over time. Finally, transgenic reporter analyses demonstrate that EcR is required not only for temporal regulation of enhancer activity but also for spatial regulation of target enhancers. Together, these findings indicate that EcR does not control gene expression solely through induction of a small number of downstream transcription factors, but instead plays a direct and widespread role in regulating tissue-specific transcriptional programs.
Results

Temporal Changes in Gene Expression During the Larval-to-Prepupal
Transition. In Drosophila, the end of larval development marks the beginning of metamorphosis. Over a 5-d period, larval tissues are destroyed, and the progenitors of adult tissues, such as wing imaginal discs, undergo a series of progressive morphological and cell differentiation events to acquire their final shapes and sizes. By the end of larval development, the wing disc is comprised of a largely undifferentiated array of columnar epithelial cells (18, 19) . The first 12 h after puparium formation (APF) is termed the prepupal stage. During this period, cell division is arrested, and the pouch of the wing disc everts outward, causing the dorsal and ventral surfaces of the wing to appose one another, forming the presumptive wing blade ( Fig. 1 A and B) (18, 19) . At the same time, the notum of the wing disc extends dorsolaterally and eventually fuses with the contralateral wing disc to form the back of the adult fly ( Fig. 1 A and B) . Additional events occurring during this time period include secretion of the prepupal cuticle and migration of muscle progenitor cells.
To understand EcR's role in promoting the larval-to-prepupal transition, we began by identifying global changes in gene expression that occur in wild-type (WT) wings before and after the onset of pupariation. We collected wing tissue from wandering, third-instar larvae, approximately 6 h before puparium formation (hereafter, −6hAPF) and from prepupae, approximately 6 h after puparium formation (hereafter, +6hAPF), and performed RNA-seq, aligning our reads to the dm3 reference sequence (20) . As described previously (19) , WT gene expression is highly dynamic during this time period. Using a conservative definition for differential expression (false-diskovery rate < 0.05, ≥2-fold change in expression), we identified over 1,300 genes increasing in expression and nearly 800 genes decreasing in expression (Fig.  1C) . The observed gene expression changes are consistent with developmental events occurring at this time. For example, genes that increase over time are involved in cuticle deposition, cellular metabolism, and muscle development (Fig. 1C) . By contrast, genes that decrease over time are involved in cell cycle regulation and DNA replication. Thus, the morphological changes that define the larval-to-prepupal transition are rooted in thousands of changes in gene expression.
EcR Is Required for the Larval-to-Prepupal Transition in Wings. The onset of pupariation is induced by a high-titer ecdysone pulse. At the genetic level, ecdysone acts through its receptor, EcR. Null mutations in EcR are embryonic lethal. Therefore, to investigate the role that EcR plays in wing development, we used a wingspecific GAL4 driver in combination with an RNAi construct to knock down EcR expression throughout wing development (21) . EcR-RNAi driven in wing discs diminished protein levels by ∼95% (SI Appendix, Fig. S1 A-C).
In agreement with previous work suggesting that EcR does not appear to be required for wing development during the first-and second-instar stages (22, 23) , EcR-RNAi wings appear morphologically similar to WT wing imaginal discs at −6hAPF (Fig.  1B) . However, EcR-RNAi wing discs are noticeably larger than WT wing discs, consistent with the proposed role for ecdysone signaling in cell cycle inhibition in third-instar larvae (22, 23) . By contrast, EcR-RNAi wings at +6hAPF appear morphologically dissimilar to both −6hAPF EcR-RNAi wings and to WT wings at +6hAPF. The pouch fails to properly evert and larval folds remain visible. Similarly, the notum fails to extend appropriately and appears more similar to the larval notum than the notum at +6hAPF (Fig. 1B) . These findings suggest that wings fail to properly progress through the larval-to-prepupal transition in the absence of EcR. Notably, this failure is likely not due to a systemic developmental arrest because legs isolated from larvae and pupae expressing EcR-RNAi in the wing exhibit no morphological defects (SI Appendix, Fig. S1D ). We conclude that EcR is required tissue specifically for progression through the larval-to-prepupal transition.
To identify genes impacted by the loss of EcR, we performed RNA-seq on EcR-RNAi wings at −6hAPF and +6hAPF. Knockdown of EcR results in widespread changes in gene expression (Fig. 1D) . At −6hAPF, 453 genes are differentially expressed in EcR-RNAi wings relative to WT wing imaginal discs. Remarkably, 85% of these genes (n = 383, "−6hAPF
EcRi > WT") are expressed at higher levels in EcR-RNAi wings relative to WT, suggesting that EcR is primarily required to repress gene expression at −6hAPF. To determine the expression profiles of these genes during WT development, we performed cluster analysis (Fig. 1E ) and found that 72% of these −6hAPF EcRi UP genes normally increase in expression between −6hAPF and +6hAPF (Fig. 1E) . Genes in this category include those involved in cuticle development as well as multiple canonical ecdysone response genes (SI Appendix, Table S1 ). Thus, a major role of EcR at −6hAPF is to keep genes involved in the prepupal program from being precociously activated during larval stages. We next examined the impact of EcR knockdown in +6hAPF wings. In contrast to the effect at −6hAPF, wherein genes primarily increased in the absence of EcR, we observed approximately equal numbers of up-and down-regulated genes relative to WT wings at +6hAPF (Fig. 1F) . Clustering of EcR-RNAi and WT RNA-seq data revealed distinct differences in the inferred regulatory role of EcR at +6hAPF relative to −6hAPF (Fig. 1G ). Seventy-four percent of the genes expressed at higher levels in EcR-RNAi wings relative to WT normally decrease in expression between −6hAPF and +6hAPF (Fig. 1G) . Genes in this category include factors that promote sensory organ development and cell cycle genes (SI Appendix, Table S2 ). The increased levels of these "+6hAPF EcRi > WT" genes suggest that, in addition to preventing precocious activation of the prepupal gene expression program, EcR is also required to shut down the larval gene expression program. However, we also observe a role for EcR in gene activation. For genes that are expressed at lower levels in EcR-RNAi wings (n = 619, "+6hAPF WT > EcRi"), 96% of these genes normally increase between −6hAPF and +6hAPF. Genes in this category include those involved in muscle development, metabolic genes, and regulators of cell and tissue morphology (SI Appendix, Table S2 ). We conclude that EcR is required not only for gene repression but also for gene activation, consistent with the demonstrated interaction of EcR with both activating and repressing gene-regulatory complexes (5) (6) (7) (8) . Collectively, these data demonstrate that the failure of EcR-RNAi wings to progress through the larval-to-prepupal transition coincides with widespread failures in temporal gene expression changes.
The transcriptional response to ecdysone has recently been examined in a set of 41 different Drosophila cell lines (24) , including several wing disc-derived cell lines. To determine the extent to which these responses mirror ecdysone-triggered gene expression changes in a developing tissue, we compared them to our EcR-RNAi wings (SI Appendix, Fig. S2 ). In general, the overlap between differentially expressed genes for any given cell line and EcR-dependent genes in the wing was low (e.g., median of 3.97% of EcR-dependent genes at −6hAPF overlap an ecdysone-responsive gene in cell lines) (SI Appendix, Fig. S2D ). A subset of wing disc-derived cell lines exhibited modestly greater similarity (e.g., median of 8.39% of ecdysoneresponsive genes in wing disc-derived cell lines are categorized as EcR-dependent in −6hAPF wings); however, the overlap remained low overall. Cumulatively, only 16-21% of EcRdependent genes in the wing were identified as ecdysone responsive in any given cell line (SI Appendix, Fig. S2 C and E) . Conversely, only 6-16% of ecdysone-responsive genes in any given cell line were identified as EcR dependent in the wing (SI Appendix, Fig. S2 C and E) . Thus, the transcriptional response to ecdysone is highly specific to both cell and developmental state.
EcR Directly Binds Thousands of Sites Genome-Wide. The experiments described above reveal that ecdysone triggers thousands of gene expression changes in wings during the larval-to-prepupal transition. Because ecdysone signaling initiates a cascade of transcription factor expression, it is unclear which of these changes are mediated directly by EcR. Therefore, we sought to determine the genome-wide DNA binding profiles of EcR in developing wings. For these experiments, we utilized a fly strain in which the endogenous EcR gene product has been epitopetagged by a transposon inserted into an intron of EcR (25) . This epitope tag is predicted to be incorporated into all EcR protein isoforms (hereafter EcR GFSTF ) (SI Appendix, Fig. S3A ). Genetic complementation tests determined that EcR GFSTF flies are viable at the expected frequency (SI Appendix, Fig. S3B Fig. S3 C-E).
To generate genome-wide DNA binding profiles for EcR, we performed CUT&RUN on −6hAPF wings ( Fig. 2A) from EcR GFSTF flies. CUT&RUN provides similar genome-wide DNA binding information for transcription factors as ChIP-seq, but requires fewer cells as input material (26), making it useful for experiments with limiting amounts of tissue. Our EcR CUT&RUN data exhibit features that are similar to those previously reported for other transcription factors, including greater DNA-binding site resolution relative to ChIP-seq (SI Appendix, Figs. S4 and S8). Wing CUT&RUN profiles at −6hAPF reveal that EcR binds extensively throughout the genome (Fig. 2) . Many EcR binding sites localize to canonical ecdysone target genes, including broad, Eip93F, Hr3, Hr39, and Eip75B ( Fig. 2A) . Surprisingly, we also observed EcR binding to many genes that have not previously been categorized as ecdysone targets, including homothorax, Delta, Actin 5C, Stubble, and pangolin (Fig. 2B) . Thus, EcR binds widely across the genome in wing imaginal discs. The widespread binding of EcR observed here contrasts with previous genome-wide DNA binding profiles obtained for EcR. For example, ChIP-seq profiles from S2 cells and DamID profiles from Kc167 cells identified 500-1,000 binding sites (15, 16) . By contrast, our findings demonstrate that EcR binds both canonical and noncanonical ecdysone-target genes, raising the question as to whether EcR directly contributes to a wing-specific transcriptional program.
In addition to widespread DNA binding, we also observed clustering of EcR binding sites in the genome. EcR peaks are significantly closer to one another than expected by chance (SI Appendix, Fig. S5 A-C), and a large fraction of peaks are located within 5 kb of an adjacent peak (SI Appendix, Fig. S5D ). In particular, canonical ecdysone target genes often exhibit clusters of EcR binding (SI Appendix, Fig. S5 E and F) . These findings suggest that EcR often binds multiple cis-regulatory elements across target gene loci, consistent with the observed clustering of ecdysone-responsive enhancers in S2 cells (16) .
EcR Binding Is Temporally Dynamic. To understand the role of EcR binding in temporal progression of wing development, we performed CUT&RUN on +6hAPF wings (Figs. 2 and 3A) . Similar to our findings from −6hAPF wings, we found that EcR binds widely across the genome at +6hAPF. Interestingly, there is a global decrease in the number of sites occupied by EcR over time: A total of 4,967 EcR peaks are called at −6hAPF, whereas 1,174 EcR peaks are called at +6hAPF (Fig. 3B) . While many of the +6hAPF binding sites overlap with −6hAPF binding sites (763 peaks, 65%) (hereafter, −6h/+6h stable binding sites), we also identified 411 peaks that are specific to the +6hAPF time. Similar to −6hAPF peaks, +6hAPF EcR peaks are clustered genome-wide (SI Appendix, Fig. S5) . Thus, the larval-to-prepupal transition in wings is marked by both a decrease in EcR occupancy at the majority of its −6hAPF binding sites, as well as an increase in EcR occupancy at hundreds of new binding sites. It is notable that many differences in EcR binding between −6hAPF and +6hAPF reflect quantitative rather than binary changes in CUT&RUN signal. Many peaks specific to −6hAPF exhibit lowlevel CUT&RUN signal at +6hAPF (and vice versa). Among other explanations, this suggests the propensity of EcR to occupy target DNAs is modulated over developmental time.
To investigate the potential biological significance of temporal changes in EcR occupancy, we separated EcR peaks into three categories: −6hAPF-selective, +6hAPF-selective, and −6h/+6h stable. Gene annotation enrichment analysis identified genes involved in imaginal disc-derived wing morphogenesis as the top term for each binding site category (SI Appendix, Table S4 ), indicating that EcR may directly regulate genes involved in wing development at both of these developmental stages. Interestingly, we found that the amplitude of EcR CUT&RUN signal is greater at −6h/+6h stable binding sites relative to temporal-selective binding sites (Fig. 3C) . To investigate the potential basis for the difference in binding intensity, we examined the DNA sequence within each class of EcR binding site. Nuclear receptors such as EcR/Usp bind palindromic motifs, with each binding partner recognizing a nearly identical 7-bp half-site (27) (SI Appendix, Fig.  S6 ). For some nuclear receptors, the orientation and spacing of these half-sites can vary. De novo motif diskovery analysis revealed the presence of the EcR half-site in each of the three peak categories (Fig. 3D and SI Appendix, Fig. S6A ). De novo searches for longer motifs identified the palindromic motif in −6h/ +6h stable and +6hAPF-selective peaks (Fig. 3D and SI Appendix, Fig. S6 A and B) . We did not detect variations in the orientation or spacing of half-sites, indicating that when the full palindrome is present, it preferentially exists in a 13-bp inverted repeat conformation. To determine whether differences in signal amplitude between −6h/+6h stable EcR binding sites could be caused by differences in motif content, we examined motif density around peak summits within each of the three binding site categories for the EcR and Usp half-sites, as well as for the EcR/Usp palindromic motif. On average, we observed a positive correlation between motif density and CUT&RUN signal amplitude, with −6hAPF temporal-selective binding sites having both the lowest motif density and lowest signal amplitude, and −6h/+6h stable binding sites having both the highest motif density and highest signal amplitude (Fig. 3E  and SI Appendix, Fig. S6C) . Furthermore, the average motif strength (i.e., the extent to which the motif matches the consensus EcR halfsite) in −6h/+6h stable binding sites was also significantly higher (Fig.  3F) . We observed a similar relationship in the +6hAPF-selective binding sites, which exhibit both intermediate CUT&RUN signal and intermediate motif content (Fig. 3E and SI Appendix, Fig. S6C ). These data are consistent with a model in which EcR remains stably bound to target sites with high motif density and strength. Conversely, the lower motif content within temporal-selective peaks suggests EcR may rely on cooperative interactions with other transcription factors to assist binding at these sites.
In addition to motif content, we considered the possibility that temporal changes in EcR DNA-binding profiles may be a consequence of temporal changes in EcR protein isoform expression. There are three EcR protein isoforms that share the same DNA-binding domain but differ in their N-terminal domains, allowing them to differentially interact with cofactors (10, 28) . The relative isoform abundance varies between tissues and developmental stages. To investigate whether changes in EcR isoform abundance could explain temporal changes in EcR DNA binding, we performed Western blots using isoform-specific antibodies. Consistent with prior studies (29), we found that EcR-A is the predominant isoform expressed in wing imaginal discs (SI Appendix, Figs. S3 and S7A ). EcR-B1 is also detected, and EcR-B2 is expressed at low levels. Importantly, we observed no relative changes in EcR isoform abundance between −6hAPF and +6hAPF, nor did we observe a change in the overall levels of EcR over time (SI Appendix, Fig.  S7A ). Therefore, we conclude that changes in EcR isoform expression are not responsible for the observed changes in EcR binding profiles between −6hAPF and +6hAPF in the wing.
EcR Binding Is Tissue Specific. The results described above indicate that EcR binds extensively across the genome, including to many genes with wing-specific function, thus raising the question as to whether EcR binding is tissue specific. To address this question, we first examined loci that had been previously determined to contain functional EcR binding sites by in vitro DNA binding and in vivo reporter assays (13, 30, 31) . Many of these sites, including the glue genes Sgs3, Sgs7, and Sgs8, the fat body protein Fbp1, and the oxidative response gene Eip71CD, show no evidence of EcR binding in wings (SI Appendix, Fig. S8 ), supporting the finding that EcR binds target sites in a tissue-specific manner. To examine this question more globally, we compared our wing CUT&RUN data to EcR ChIP-seq data from Drosophila S2 cells (Fig. 4A) . Overall, a small fraction of wing EcR binding sites overlap an EcR binding site in S2 cells (Fig. 4 B and C) we performed gene annotation enrichment analysis on genes near EcR binding sites. This analysis revealed steroid hormone-mediated signaling pathway as the most significant term for genes overlapping an EcR peak in both wings and S2 cells (Fig. 4D ). Genes annotated with this term include canonical ecdysone-responsive genes, such as Eip78C, Hr39, and usp. By contrast, imaginal disc-derived wing morphogenesis was identified as the top term for genes near wingspecific EcR binding sites, similar to our findings from above. These data indicate that EcR binding sites that are shared by wings and S2 cells tend to occur at canonical ecdysone target genes, whereas wing-specific EcR binding sites tend to occur at genes with wingspecific functions. Together, these data suggest EcR plays a direct role in mediating the distinct gene expression responses to ecdysone exhibited by different cell types (24) .
EcR Regulates the Temporal Activity of an Enhancer for Broad, a
Canonical Ecdysone Target Gene. The results described above indicate that EcR binds to both canonical and noncanonical ecdysone target genes in the wing, and that EcR is required for temporal progression of wing transcriptional programs. We next sought to examine the relationship between EcR binding in the genome and regulation of gene expression. Because EcR both activates and represses target gene expression, we grouped all differentially expressed genes together and counted the proportion of genes that overlap an EcR binding cluster (SI Appendix, Fig. S9 A-C) . We observed an enrichment of EcR binding sites near genes that are differentially expressed in EcRRNAi wing at both −6hAPF and +6hAPF and a depletion of EcR binding sites near genes that are either temporally static or not expressed (SI Appendix, Fig. S9 A-C) . These correlations support a direct role for EcR in regulating temporal changes in gene expression during the larval-to-prepupal transition.
To obtain a more direct readout of EcR's role in target gene regulation, we investigated whether EcR binding contributes to control of enhancer activity. We first examined the potential regulation of a canonical ecdysone target gene. The broad complex (br) encodes a transcription factor required for the larval-to-prepupal transition in wings and other tissues (Fig. 5A ) (32, 33) . Br has been characterized as a canonical ecdysone target gene that is induced early in the transcriptional response upon release of hormone (32, 34) . In wing imaginal discs, Br protein levels are uniformly low in early third-instar larvae, and by late third-instar, Br levels have increased (SI Appendix, Fig.  S10A ). Ecdysone signaling has been proposed to contribute to this increase in Br expression in wings over time (22, 23) .
Our CUT&RUN data identify multiple EcR binding sites across the br locus at both −6hAPF and +6hAPF (Fig. 5A and SI Appendix, Fig. S11 ). One of these binding sites corresponds to an enhancer (br disc ) we previously identified that recapitulates br activity in the wing epithelium at −6hAPF (17) . Consistent with the observed increase in Br protein levels during third-instar wing development, the activity of br disc increases with time (Fig. 5B) . To investigate the potential role of EcR in controlling the activity of br disc , we ectopically expressed an isoform of EcR with a point mutation in the ligand-binding domain that prevents it from binding ecdysone and thus functions as a constitutive repressor (EcR DN ) (35) . EcR DN expression in the anterior compartment of the wing results in decreased br disc activity in both early-and late-stage wing discs (Fig. 5C ), indicating that EcR DN represses br disc . We further examined the role of EcR in regulating br disc by knocking down EcR via RNAi, which would eliminate both activating and repressing functions of EcR. EcR knockdown resulted in a modest increase in the activity of br disc in early wing discs compared with WT wings (Fig. 5 D and E) , demonstrating that EcR is required to repress br disc at this stage. We also observed a slight increase in br disc activity in late wing discs (Fig. 5 D and E) . Together, these findings indicate that EcR is required to keep br disc activity low in early thirdinstar wing discs, but it is not required for br disc activation in late third-instar wing discs. Additionally, the observation that br disc is active in the absence of EcR, and continues to increase in activity over time, suggests that br requires other unknown activators that themselves may be temporally dynamic. Because the levels of Br increase with time, we conclude that release of repression by EcR functions as a temporal switch to control Br expression during the larval-to-prepupal transition.
EcR Binds to Enhancers with Spatially Restricted Activity Patterns in the Wing. EcR's role in controlling the timing of br transcription through the br disc enhancer supports conventional models of ecdysone signaling in coordinating temporal gene expression. To Motif density plots of the number of EcR motifs around the peak summit using the EcR half-site PWM. For −6h/+6h stable peaks, the peak summit for +6h was used. (F) Violin plots showing the average motif strength (−log 10 P value) of motifs within EcR peaks (***P < 0.001, Student's t test).
determine whether EcR plays a similar role at noncanonical ecdysone target genes, we focused on the Delta (Dl) gene, which encodes the ligand for the Notch (N) receptor. Notch-Delta signaling is required for multiple cell fate decisions in the wing (36, 37) . In late third-instar wing discs, Dl is expressed at high levels in cells adjacent to the dorsal/ventral (D/V) boundary, along each of the four presumptive wing veins, and in proneural clusters throughout the wing (37) . Remarkably, despite the requirement of Notch-Delta signaling in each of these areas, no enhancers active in wing discs have been described for the Dl gene. The Dl locus contains multiple sites of EcR binding (Fig. 6A  and SI Appendix, Fig. S11 ). Using open chromatin data from wing imaginal discs to identify potential Dl enhancers (38), we cloned two EcR-bound regions for use in transgenic reporter assays. The first of these enhancers exhibits a spatially restricted activity pattern in late third-instar wing discs that is highly reminiscent of sensory organ precursors (SOPs) (Fig. 6B) . Immunostaining for the proneural factor Achaete (Ac) revealed (Fig. 6B) . Immunostaining also confirmed these cells express Dl (Fig. 6C) . We therefore refer to this enhancer as Dl SOP . Notably, using Dl SOP to drive expression of a destabilized GFP reporter, its activity pattern refines from a cluster of cells to a single cell (Fig. 6C) , consistent with models of SOP specification in which feedback loops between N and Dl result in high levels of N signaling in the cells surrounding the SOP, and high levels of Dl expression in the SOP itself. By +6hAPF, the pattern of Dl SOP activity does not change, and it remains spatially restricted to cells along the D/V boundary and proneural clusters in the notum. The second Dl enhancer bound by EcR is also active in late third-instar wing discs (Fig. 6A) . This enhancer is most strongly active in Dl-expressing cells of the tegula, lateral notum, and hinge (Fig. 6 D and E)  (39) . In the pouch, it is active in cells that comprise the L3 and L4 proveins, which require Dl for proper development (40) , although overlap with Dl in each of these regions is less precise (Fig. 6  D and E) . We refer to this enhancer as Dl teg . Collectively, these data demonstrate that, in contrast to the widespread activity of br disc , the EcR-bound enhancers in the Dl locus exhibit spatially restricted activity, raising the possibility that EcR binding may serve a different function at these binding sites.
Ultraspiracle Clones Display Changes in the Spatial Pattern of Enhancer Activity. We next sought to determine whether EcR regulates the activity of these enhancers. Since the Dl enhancers drive GAL4 expression, we could not use the EcR DN and EcR-RNAi lines employed above. Therefore, we generated loss-of-function clones of Usp, the DNA binding partner of EcR. Clones of usp were induced at 48-60 h and enhancer activity was assayed at −6hAPF. Surprisingly, usp loss of function results in an increased number of cells in which Dl SOP is active in the pouch of wing discs (Fig. 6 F, Inset i), suggesting that EcR/Usp are required to repress Dl SOP activation. Notably, clones of usp in other regions of the wing (Fig. 6 F, Inset ii) do not activate Dl SOP , indicating that EcR/Usp are not necessary for repression of Dl SOP in all cells of the wing. We also note that regions exhibiting ectopic Dl SOP activity in usp clones tend to be near regions of existing Dl SOP activity, suggesting that localized activating inputs are required to switch the Dl SOP enhancer on, and that EcR/Usp binding to Dl SOP acts as a countervailing force to restrict its activation to certain cells within these regions. Because the pattern of Dl SOP activity does not expand between −6hAPF and +6hAPF in WT wings, the ectopic activation of this enhancer in usp clones supports the conclusion that EcR/Usp regulate the spatial pattern of Dl SOP activation rather than its temporal activity pattern, as in the case of the br disc enhancer. We observed a similar effect of usp loss of function on activity of the Dl teg enhancer. Dl teg activity expands in usp clones adjacent to regions in which Dl teg is active in WT cells (Fig. 6G) . As with Dl SOP , however, loss of usp function does not appear to be sufficient to cause ectopic Dl teg activity, as clones that are not adjacent to existing Dl teg activity do not ectopically activate the enhancer. Notably, we did not observe expanded expression of Ac within usp clones, suggesting that the expanded activity pattern of the clones is not due to an expanded proneural domain (SI Appendix, Fig. S12 ). These results suggest that EcR primarily functions to repress these enhancers at −6hAPF to spatially restrict their activity. The observation that usp loss of function is not sufficient to cause ectopic enhancer activity may be because the activation of these enhancers requires other inputs.
Discussion
Decades of work have established the central role that ecdysone signaling, acting through its nuclear receptor, EcR/Usp, plays in promoting developmental transitions in insects. In this study, we investigate the genome-wide role of EcR during the larval-toprepupal transition in Drosophila wings. Our findings validate existing models of ecdysone pathway function, and they extend understanding of the direct role played by EcR in coordinating dynamic gene expression programs.
The Role of EcR in Promoting Gene Expression Changes During
Developmental Transitions. Our RNA-seq data reveal that EcR controls the larval-to-prepupal transition by activating and repressing distinct sets of target genes. In larval wing imaginal discs, we find that EcR is primarily required to prevent precocious activation of the prepupal gene expression program. This finding is consistent with previous work that demonstrated precocious differentiation of sensory neurons in the absence of ecdysone receptor function (41) . Since ecdysone titers remain low during most of the third larval instar, these data are also consistent with prior work that demonstrated that EcR functions as a transcriptional repressor in the absence of hormone (4, 31) . Later in prepupal wings, we find that loss of EcR results in failure to activate the prepupal gene expression program. Indeed, many of the genes that become precociously activated in wing discs fail to reach their maximum level in prepupae. Since rising ecdysone titers at the end of third larval instar trigger the transition to the prepupal stage, this finding is consistent with a hormone-induced switch in EcR from a repressor to an activator (4, 31) . We also find that loss of EcR results in persistent activation of the larval gene expression program in prepupal wings. This finding is not clearly explained by a hormone-induced switch in EcR's regulatory activity. However, it is possible that EcR activates a downstream transcription factor, which represses genes involved in larval wing development. Overall, these findings indicate that EcR functions both as a temporal gate to ensure accurate timing of the larval-to-prepupal transition and as a temporal switch to simultaneously shut down the preceding developmental program and initiate the subsequent program. Finally, it is of particular note that these genome-wide results fit remarkably well with the model of ecdysone pathway function predicted by Ashburner (9) 45 y ago. EcR has been shown to act as both a transcriptional activator and repressor. This dual functionality confounded our attempts to draw genome-wide correlations between EcR binding and changes in gene expression. Therefore, we sought to examine the effect of EcR binding on individual target enhancers. We find that EcR regulates the temporal activity of an enhancer for the early-response gene, br. In WT wings, the activity of this enhancer increases between early and late third-instar stages, as do Br protein levels. Ectopic expression of a dominant-repressor isoform of EcR decreased activity of br disc . Surprisingly, RNAi knockdown of EcR increased br disc activity, indicating that EcR is not required for br disc activation. Instead, these findings indicate that EcR represses br disc in early third-instar wings, consistent with our RNA-seq data which demonstrated that EcR prevents precocious activation of the prepupal gene expression program before the developmental transition. It is not known what factors activate br or other prepupal genes.
Temporal control of gene expression by EcR is expected given its role in governing developmental transitions. However, our examination of EcR-bound enhancers from the Dl locus demonstrates that it also directly controls spatial patterns of gene expression. Loss-of-function clones for EcR's DNA binding partner Usp exhibited ectopic activation of two Dl enhancers. However, we did not detect ectopic enhancer activity in all usp mutant clones, indicating that EcR is required to restrict activity of target enhancers only at certain locations within the wing. Examination of +6hAPF wings revealed no changes in the spatial pattern of Dl enhancer activity relative to −6hAPF, indicating that ectopic enhancer activation in usp clones does not reflect incipient changes in enhancer activity. Recently, EcR binding sites were shown to overlap with those for the Notch regulator, Hairless, supporting a potential role of EcR in regulating spatial patterns of gene expression (45) . We conclude that EcR regulates both temporal and spatial patterns of gene expression. Given the widespread binding of EcR across the genome, our findings suggest that EcR plays a direct role in temporal and spatial patterning of many genes.
Hormones and other small molecules act through nuclear receptors to initiate transcriptional cascades that continue for extended periods of time. For example, thyroid hormone triggers metamorphosis in frogs and other chordates, a process that can take weeks for completion (46) . Our work raises the possibility that nuclear receptors play a direct role in regulating the activity of many response genes. In particular, the widespread and temporally dynamic binding of EcR that we observed over a short interval of wing development suggests that the complete repertoire of EcR targets is vastly larger than previously appreciated.
Methods
Detailed experimental materials and methods can be found in SI Appendix, Supplementary Materials and Methods.
RNA-Seq. RNA from a minimum of 60 wings was extracted as described previously (38) . Total RNA-seq was performed with the Ovation RNA-seq system. Reads were aligned to the dm3 reference genome. DESeq2 was used to generate normalized count matrices and identify differentially expressed genes (P adj < 0.05, absolute log 2 fold change > 1). Gene clustering was performed using k-medoids. Gene ontology terms used expressed genes as a background.
CUT&RUN.
A minimum of 100 wings was dissected from w; EcR GFSTF /Df(2R) BSC889. Intact wings were permeabalized using digitonin as previously described (26) . MNase was activated and digestion was performed for 45 s. Soluble DNA fragments were used as input for the Rubicon Thruplex 12s DNaseq kit. Fragments between 20 and 120 bp were identified and used throughout. Peaks called in a merged file that overlap a peak from at least one replicate were used for analysis. Coverage files were z-normalized per chromosome arm. Gene ontology terms used all genes as a background. Peak clusters were created by resizing each peak to 5,000 bp, and then taking the furthest start and end coordinates of peaks that fell within each overlapping region.
Motif Analysis. De novo motifs were identified using DREME using FAIRE peaks as a background. FIMO was used to identify EcR and Usp motifs genome-wide using position weight matrices (PWMs) from bacterial one-hybrids.
